. These initial accounts viewed the disorder as the developmental analogue of acquired loss of reading ability; it was already known that neurological damage to certain areas of the brain in adults could result in selective impairment in reading and writing (alexia). As implied by the use of terms such as 'word blindness' and 'strephosymbolia' (meaning 'twisted symbols'), early explanations of dyslexia posited that a basic deficit in visual processing was at the heart of the reading difficulties of the affected subjects 3 . Such theories proposed that unstable visual representations lead to errors of letter reversal (such as 'd' substituted for 'b') and transposition (such as 'god' instead of 'dog'). It is now widely accepted that dyslexia (also known as 'specific reading disability') is better characterized as a language-related condition in which reading problems stem largely from an impairment in the representation and manipulation of PHONEMES 4 . However, there remains a lack of consensus about the exact nature of the putative 'core deficit'; indeed, some researchers doubt that there can be an adequate explanation of aetiology in terms of a single underlying process. For example, the 'double-deficit' hypothesis proposes that dyslexia results from the combined effects of two independent deficits, one involving processing of phonemes, the other involving rapid naming of simple visual stimuli (colours, objects, digits or letters) 5 . An important criticism of pure phonological-deficit models of reading disability is that they cannot account for the full range of symptoms that are experienced by people with dyslexia. These include slight but demonstrable impairments in visual 6 and auditory 7 perception, and problems with motor coordination 8 . In recent years, several alternative theories have been formulated to explain this complex phenotypic profile, some of which invoke deficits in basic neuronal mechanisms that have an impact on multiple brain modalities [6] [7] [8] [9] [10] 
So, despite decades of comprehensive multidisciplinary investigation, including studies of neuropsychology, brain anatomy, neuroimaging and magnetoencephalography (reviewed extensively elsewhere 11 ), the specific causal mechanisms that underlie developmental dyslexia are still obscure. Here, we will focus on a rapidly growing area of dyslexia research that DEVELOPMENTAL DYSLEXIA: GENETIC DISSECTION OF A COMPLEX COGNITIVE TRAIT Simon E. Fisher* and John C. DeFries ‡ Developmental dyslexia, a specific impairment of reading ability despite adequate intelligence and educational opportunity, is one of the most frequent childhood disorders. Since the first documented cases at the beginning of the last century, it has become increasingly apparent that the reading problems of people with dyslexia form part of a heritable neurobiological syndrome. As for most cognitive and behavioural traits, phenotypic definition is fraught with difficulties and the genetic basis is complex, making the isolation of genetic risk factors a formidable challenge. Against such a background, it is notable that several recent studies have reported the localization of genes that influence dyslexia and other language-related traits. These investigations exploit novel research approaches that are relevant to many areas of human neurogenetics.
DIZYGOTIC
Twins that develop during the same pregnancy as the result of two separate eggs being fertilized by two separate sperm. HERITABILITY The proportion of variability in a particular characteristic that can be attributed to genetic influences. This is a statistical description that applies to a specific population and might change if the environment is altered.
SPECIFIC LANGUAGE IMPAIRMENT A significant deficit in language development in children with normal non-verbal intelligence that cannot be attributed to hearing loss, inadequate educational opportunity or obvious neurological impairment.
ATTENTION-DEFICIT/ HYPERACTIVITY DISORDER
A common disorder with childhood onset, in which persistent inattention and/or hyperactive-impulsive behaviour leads to impaired social and/or academic functioning. CANDIDATE GENE A gene that encodes a protein, the expected or known function of which indicates that it might be responsible for a disease or trait in a population of individuals. Pure candidate-gene approaches do not exploit or require information on chromosomal location (in contrast to 'positional cloning').
768 | OCTOBER 2002 | VOLUME 3 www.nature.com/reviews/neuro R E V I E W S concordance rate of 68% in MZ twins, as compared with 38% in DZ twins, indicating a substantial genetic component 23 . However, there can be intrinsic drawbacks to genetic studies of complex cognitive traits if the studies are based on all-or-none definitions of affection status. Qualitative diagnoses of dyslexia are often derived from a subject's scores on quantitative reading-related measures, which vary continuously throughout the general population (BOX 2) . As such, there has been debate over whether dyslexia represents a discrete clinical entity, or simply corresponds to the extreme lower tail of normal variability in reading ability 24 .
As an alternative to using dichotomous definitions of dyslexia, some genetic studies have adopted techniques that involve the direct analysis of continuous indices of severity. DeFries and Fulker developed a method (DeFries-Fulker regression) that exploits twin data to evaluate the HERITABILITY of extreme deficits in a measure of interest 25 . This is referred to as 'group heritability' (or h 2 g ) to distinguish it from estimates of heritability for individual variation in the normal range of ability. The basic DeFries-Fulker technique targets one end of the distribution and involves the selection of twin pairs in which at least one member has an extreme score (that is, cases in which at least one twin performs very poorly on a continuous measure of reading ability). A statistical test is then used to assess whether the scores of co-twins regress towards the unselected population mean as a function of zygosity (DZ versus MZ). If DZ co-twins are more similar to the general population than MZ co-twins, then this points to a role for genetic factors. Direct estimates of h 2 g can be derived from such analyses. For example, in a large set of twin pairs with reading difficulties from Colorado, h 2 g was estimated to be ~50% for a composite score of overall reading performance 26 . The DeFries-Fulker regression method has had a wide impact on the field of childhood learning disorders, having been used to assess the heritability of might offer a new route to elucidating the aetiology of the syndrome -the field of molecular genetics. This field has already proved to be enormously powerful in isolating causal mechanisms for numerous simple MENDELIAN disorders, and is now being applied to common, complex traits such as heart disease, diabetes, psychiatric disorders and specific learning disabilities. As we describe below, this is an exciting time for research into the genetics of dyslexia. Converging advances in phenotypic dissection, high-throughput genetic analyses and statistical methodologies have greatly improved our prospects of pinpointing genes that are involved in this and other language-related traits. We will discuss how such developments have contributed to recent successes in the field, but also highlight the limitations and assess the future potential of the molecular genetic approach for studying dyslexia.
Reading deficits are heritable
Soon after the publication of the original case studies of dyslexia at the turn of the last century, several reports noted that the condition tends to run in families 12, 13 . The first large-scale family study 14 was carried out in 1950; since then, many systematic investigations have documented an increased risk of reading and spelling problems in the relatives of PROBANDS with dyslexia [15] [16] [17] [18] [19] . Familial clustering of a trait is consistent with the involvement of genetic factors, but could also be accounted for by environmental influences that are common to subjects within a family. The relative contributions of genetic influences and shared family environment can be dissected in twin studies. It has been shown robustly that concordance for a qualitative diagnosis of dyslexia is significantly higher in MONOZYGOTIC (MZ) twins, who have a virtually identical genetic makeup, than it is in DIZYGOTIC (DZ) twins, who (like ordinary siblings) share about half of their segregating alleles [20] [21] [22] . A large-scale study of twins with dyslexia yielded a Initial explanations of 'congenital word-blindness' held that significant defects in the visual system were solely responsible for the letter and word reversals that were believed to epitomize dyslexic reading. This viewpoint turned out to be untenable. Although subtle abnormalities in specific aspects of visual processing have been shown in people with dyslexia 6 , these are unlikely to cause reading problems directly. Over the years, evidence has accumulated to implicate language processing. When learning to read, we develop an explicit understanding that words can be broken down into constituent phonemes, which map to visually presented letter strings, known as graphemes. Phonological-deficit theories, which have dominated the field for some years, view dyslexia as a cognitive difficulty in processing phonemes 4 
.
There is indeed robust evidence that phonological skills of individuals with dyslexia are compromised, but how does this fit with the complexity of the phenotype, which includes an array of subtle sensory impairments and motor difficulties? Several differing (but related) models endeavour to tackle this thorny issue. For example, rapid-processing hypotheses propose that dyslexia arises from a basic deficit in processing rapidly successive and transient stimuli that enter the nervous system, affecting all modalities 10 . In such models, the phonological impairments that are responsible for reading difficulties stem from a lower-level inability to discriminate acoustic cues that are involved in distinguishing phonemes R E V I E W S makeup (GENOTYPE) and his or her cognitive abilities (PHENOTYPE) 30, 31 . For example, a family might contain one or more individuals who inherit a high-risk genotype but do not develop problems (cases of incomplete PENETRANCE). Conversely, there might be subjects who are clearly affected, even though they have a low-risk genotype (PHENOCOPIES). Genotype-phenotype concordance is further eroded by heterogeneity -distinct genetic loci implicated in different families -and OLIGOGENICITY -allelic variants at multiple loci contributing to increased risk. In combination, these factors severely limit the POWER of traditional linkage mapping, which assumes single-gene inheritance and relies on the precise specification of transmission pattern, penetrance levels and phenocopy rates.
The problems that are associated with genetic complexity are further compounded by constraints at the phenotypic level. Delineation of the dyslexia phenotype for genetic studies is restricted by a lack of consensus as to the physiological, behavioural and cognitive correlates of the disorder 30 . As a consequence, different investigations into genetic aetiology have generally used distinct diagnostic tools and classification criteria. Sometimes, this is the inevitable outcome of language differences; although most genetic linkage studies have involved English-speaking cohorts [32] [33] [34] [35] [36] [37] , investigations have also been conducted in Danish 38 , German 39,40 , Norwegian 41 and Finnish 42 families. But regardless of the native language, operational definitions of dyslexia have varied markedly, yielding increased heterogeneity. This could raise questions when trying to interpret and integrate data from multiple studies. For example, subjects that have 'phonological coding dyslexia' in one study sample 36 might not be directly comparable to those reported to have 'spelling disability' 40 or 'reading/writing disability associated with severe speech delay' 39 in others.
psychometric measures in dyslexia 27 , SPECIFIC LANGUAGE IMPAIRMENT 28 and ATTENTION-DEFICIT/HYPERACTIVITY DISORDER (ADHD) 29 . Moreover, such quantitative approaches, including an extension of DeFries-Fulker regression, have allowed key advances in the genetic mapping of reading disability and other language-related traits.
Genetics of dyslexia -a complex problem
In the absence of a solid understanding of the mechanisms that underlie dyslexia, there is no a priori reason to expect that any particular gene of known function will be a risk factor. A few theoretical accounts of trait aetiology might indicate possible subsets of genes that could be targeted for study (such as the controversial immune-disorder hypothesis that we discuss below). However, in general, there are no compelling cases that would sufficiently limit the genetic search to make a pure CANDIDATE GENE approach cost-effective. An alternative strategy is to track the inheritance of different chromosomal regions in families that segregate dyslexia, to map the location of putative genetic risk factors. This technique (linkage mapping) assesses whether POLYMORPHIC GENETIC MARKERS in particular genomic regions are 'linked' to the trait of interest. Sufficient reliable linkage data might highlight small areas of the genome that contain a manageable subset of genes. Further investigation of such genes should then allow the identification of specific gene variants in those regions that are involved in trait susceptibility. In the past 25 years, POSITIONAL CLONING has become an extremely fruitful research strategy for the investigation of monogenic disorders, exploiting the simple inheritance patterns that are observed for such traits.
With a few rare exceptions, the transmission of dyslexia and other language-related traits in affected families tends to be complex; there is no straightforward correspondence between a subject's genetic 
Box 2 | Defining dyslexia for genetic studies
What is dyslexia? A standard answer would be something like "dyslexia is a specific, significant impairment in reading ability that is not explained by deficits in general intelligence, opportunity, motivation or sensory acuity". The deceptive simplicity of this definition breaks down as soon as one examines it in detail. How do we decide what constitutes 'specific, significant' impairment in a subject's reading? What level of intellectual deficit would be considered adequate to 'explain' poor literacy? Do subtle abnormalities in auditory or visual processing that are only detectable in experimental situations (BOX 1) represent deficits in 'sensory acuity' that would invalidate a positive diagnosis?
Clinical diagnoses of dyslexia usually derive from applying thresholds to psychometric measures that are normally distributed in unselected populations. A commonly used definition requires 'significant' (say, -2 standard deviations) discrepancy between observed reading ability (assessed by standardized word-recognition tests) and that expected on the basis of IQ
84
. The cogency of diagnosis on the basis of IQ-achievement discrepancy has been challenged. For example, the measured IQ of dyslexic children declines with age, and is closely related to socioeconomic status, so that children who are older or of lower socioeconomic status are less likely to be diagnosed by discrepancy criteria 85 
.
Alternative methods that make no assumptions about IQ-achievement relationships, such as those requiring a significant lag in reading age 86 , are also flawed. A shortcoming of most classification schemes is the use of thresholds, which are established in an arbitrary manner; the question of whether dyslexia is a pathological condition or represents the tail of a normal curve remains unresolved 24, 87 . Furthermore, psychometric profiles can vary greatly among people with dyslexia and at different developmental stages. Adolescents and adults with dyslexia can 'compensate'; they seem to have normal word-recognition skills, but the underlying deficits persist. These deficits can be shown with appropriate tests, such as those that tap spelling, reading rate or phonological skills 88 . Therefore, the choice of diagnostic measure can be crucial. In many situations, clinical all-or-none diagnoses of dyslexia might not be optimal for genetic research, as they do not capture the complex essence of the phenotype 30 .
R E V I E W S
by molecular studies (BOX 2) . It could be addressed in the future by obtaining longitudinal data at multiple time points from each subject in a study.
Mapping genes for dyslexia
In recent years, innovations in three areas have contributed to success in localizing genes for dyslexia and other language-related traits. These are QUANTITATIVE TRAIT LOCUS (QTL) mapping, phenotypic dissection and highthroughput genome-wide scanning. Most current linkage studies of dyslexia use one or more of these to facilitate gene mapping.
QTL mapping.
As discussed above, analyses of continuous indices of severity in twins have been important for assessing genetic contributions to reading and language deficits 21, 22, 27, 28 . Direct use of the same quantitative measures in combination with molecular genetic data provides a strategy for localizing potential risk factors to particular chromosomal regions. QTL mapping is one form of what are often referred to as 'nonparametric' or 'model-free' linkage methods (TABLE 1) . These tend to be more suitable for complex genetic traits than 'parametric' linkage methods, as they do not rely on assumptions of monogenic inheritance, estimates of penetrance levels, phenocopy rates and gene frequencies, or the precise specification of transmission (recessive, dominant, sexlinked and so on) 45 . Furthermore, they can better handle unknown levels of heterogeneity and oligogenicity. The trade-off for nonparametric techniques is that they usually require very large data sets (several hundred nuclear families) to yield sufficient power for gene mapping 45 . This leads us to another area of controversy. Is dyslexia a single trait or a cluster of related subtypes with distinct aetiologies (which are likely to involve different subsets of genes)? Castles and Coltheart proposed the existence of two forms of dyslexia that are analogous to subtypes that were formerly documented in alexia cases 43 . They based their classification scheme on the idea that skilled readers can use two discrete routes for decoding text, one involving processing of the individual phonemes that make up a word, and the other exploiting direct recognition of whole-word letter patterns (orthography) without apparent need for phonological mediation. Psychometric testing of children with dyslexia identified some individuals who seemed to have selective deficits in either the phonological or the orthographic route. Castles and Coltheart defined these as cases of phonological and surface dyslexia, respectively 43 . Although the underlying assumption of a 'dual-route' reading model has been criticized, twin studies of phonological and surface subgroups have indicated greater heritability of reading deficits for the former, whereas shared environment is important for the latter 44 , supporting the idea of divergent aetiologies. But although a significant number of poor readers fit the characteristics of either proposed subtype, most cases have difficulty with both phonological and orthographic tasks (as discussed further below).
A final problem for phenotypic definition is that the nature and severity of deficits might vary at different developmental stages of the life of the person with dyslexia. This troublesome issue is usually disregarded POWER The probability of correctly rejecting the null hypothesis when it is truly false. For linkage studies, the null hypothesis is that of 'no linkage' , so the power represents the probability of correctly detecting a genuine linkage.
QUANTITATIVE TRAIT LOCUS (QTL). A genetic locus or chromosomal region that contributes to variability in a complex quantitative trait (such as body weight), as identified by statistical analysis. *Key examples of dyslexia linkage studies that have successfully applied each of these methods. Note that the terms 'nonparametric' or 'model free' are not entirely accurate; although such approaches do not depend on the previous specification of penetrance, phenocopy or transmission, they do sometimes involve the estimation of certain parameters and/or rely on various assumptions about the genetic model. Nevertheless, nonparametric/model-free methods are much less restrictive than the fully parametric approach.
detecting genetic effects. The DeFries-Fulker linkage method assesses whether co-sibs of individuals with extreme phenotypic scores regress towards the unselected population mean as a function of IBD at the marker under investigation 47 . Regression-based methods are straightforward to apply (t-tests of appropriate regression coefficients yield estimates for significance of linkage), but they do not exploit all the available trait information. Moreover, there is disagreement over how best to accommodate nuclear families that contain multiple sib-ships, in which alternative pairings of sibs are not fully independent, or more complex extended pedigrees.
A complementary approach that is based on variance components simultaneously evaluates all relationships in a family and makes use of almost all observed phenotypic variability, but is computationally intense 48 . Trait variability is partitioned into components due to major-gene, unlinked POLYGENIC and residual environmental factors, using maximum-likelihood estimation. To assess linkage, the likelihood of the data under the null hypothesis (no major-gene effect) is compared with that when the major-gene component is unconstrained (FIG. 2) . Nominal estimates of significance, which are derived from likelihood-ratio tests, are based on an assumption of multivariate normality. This is likely to be invalid for many data sets, particularly selected samples, and might lead to false-positive evidence for linkage (increased type-I error) or reduced power to detect a real effect (increased type-II error) 49 . Various options exist for surmounting this problem, including the use of simulations to derive empirical-based estimates of significance 50 . Haseman-Elston, DeFries-Fulker and variance-components methods have been used successfully to localize putative dyslexia risk factors, such as that on chromosome 6p (REFS 33, 34, 37, 50, 51) .
Typically, such methods rely on estimating whether related subjects have inherited identical copies of a polymorphic genetic marker from a common ancestor (FIG. 1) . For example, at any particular marker, a pair of siblings will share, on average, 50% of their alleles identical-by-descent (IBD), owing to random segregation. Qualitative nonparametric approaches test whether a chromosomal region shows elevated IBD allele sharing in related subjects who are concordant for a disorder. However, they retain one potential limitation of other qualitative approaches in adopting allor-none classifications of affection status. Quantitative nonparametric approaches (QTL methods) evaluate whether there is a significant correlation between genetic similarity (indexed by IBD allele sharing) and phenotypic resemblance (assessed through a comparison of quantitative scores) for related people in the chromosomal region of interest. As they directly exploit additional phenotypic information that is available from quantitative data, QTL approaches often have advantages over qualitative nonparametric approaches, assuming that the measures are reliable and accurate indices of severity 30, 31 . However, as outlined in TABLE 1, the alternative strategies that are available for phenotypic definition and statistical analysis might have different strengths and weaknesses depending on the nature of the study sample.
Simple implementations of QTL mapping use regression analysis in sib-pairs to assess phenotypegenotype relationships (FIG. 2) . The original HasemanElston method regresses the square of the difference in siblings' phenotypic scores against the number of alleles shared IBD at a particular marker 46 . Alternatively, an extension of DeFries-Fulker regression is ideal for investigating samples selected from one tail of a normal distribution, which can offer increased power for POLYGENIC The effects of a large number of different genes, each of which has a slight influence on the phenotypic outcome. www.nature.com/reviews/neuro R E V I E W S Phenotypic dissection. Many genetic studies of dyslexia have focused on what might be referred to as 'global' deficit (see BOX 2) , using general diagnoses or quantitative analyses of overall indices of severity (for example, on the basis of scores on standardized tests of word recognition or spelling ability). Recently, there has been a move towards complementary approaches in which the dyslexia profile is dissected into distinct but related phenotypic components 35, 37, [50] [51] [52] . This dissection is driven by theories about the nature of the reading process, but the validity of using such hypothetical components is well supported by cognitive-psychological and psychometric studies. Tests have been developed that are believed to tap predominantly each putative component. For example, phoneme awareness, defined as the capacity to reflect explicitly on the individual elements of speech, can be assessed with oral tasks that do not involve the visual processing of print. These might include tests requiring phoneme deletion 51 ("say 'prot' without the 'r' sound" -'pot') or the construction of 'spoonerisms' 50 ("swap around the first sounds of these two words: 'cat sad'" -'sat cad'). Phonological decoding, the ability to convert written GRAPHEME units into their corresponding phonemes, is usually evaluated through oral reading of pronounceable words that lack real meaning (non-words), such as 'teg' or 'latsar' 43 . Recognition of whole-word orthography (orthographic coding) can be measured through the oral reading of words that violate standard letter-sound conventions of English, such as 'meringue' and 'yacht' . These irregular words cannot be read correctly using phonemegrapheme conversion rules, so success should principally reflect orthographic-processing ability 43 . Orthographic skills can also be assessed using forced-choice tasks that require rapid recognition of a correctly spelt target word versus a phonologically identical nonword ('rain' versus 'rane') 51 . Another ability that seems to be impaired in many people with dyslexia involves the rapid serial naming of visual stimuli (rapid automized naming) 5, 35, 52 . The relationship between hypothetical components and their relative importance for reading and spelling problems in dyslexia remains an active area of study 27, [52] [53] [54] [55] . Twin studies indicate that group deficits in quantitative measures of phonological, orthographic and rapid-naming skills of people with dyslexia are all significantly heritable 27, 52 . It is important to realize that the components are overlapping, not independent; inter-trait correlations between reading-and language-related measures are usually moderate to high 27, 55 . Furthermore, analysis with a bivariate extension of the DeFries-Fulker regression indicates that a substantial proportion of the observed covariance is due to genetic factors that are common to all components 27, 52 . However, such investigations also indicate the existence of genetic effects that uniquely influence the independent variance of different measures (for example, phonological versus orthographic) 27 . There might even be distinct genetic influences acting on accuracy and latency deficits that can be observed for the same component 27 . GRAPHEME A written symbol, or group of symbols, that is used to represent a specific phoneme.
MULTIPOINT ANALYSIS
The use of data obtained from multiple neighbouring genetic markers on the same chromosome to extract linkage information at many points across a genomic region.
SINGLE-POINT ANALYSIS
The investigation of linkage at one point on a chromosome, using data from a single marker.
LOD SCORE
Linkage mapping involves comparing two likelihoods. The first is the likelihood of the data, under the hypothesis that there is linkage between inheritance of the trait and that of the chromosomal region in question. The second is the likelihood of the data, under the null hypothesis that there is no linkage. The lod score is the logarithm of the likelihood ratio; if it exceeds a given threshold, the null hypothesis can be rejected. . b | DeFriesFulker regression requires the selection of 'probands' (P), followed by an assessment of whether co-sibs (C) regress further towards the unselected mean as IBD status decreases. A t-test of regression coefficient β 2 yields an estimate of significance 47 . c | Variance-components analysis involves partitioning the total variability into major-gene, polygenic and environmental factors 48 . Under the null hypothesis, the likelihood of the data is maximized, with the major-gene component constrained at 0. Under the alternative hypothesis, the likelihood of the data is maximized without this constraint. If there is no linkage between trait variability and IBD status at the locus in question, then the major-gene effect under the alternative hypothesis remains 0. L(0) and L(A) are log likelihoods of the data under the null hypothesis and the alternative hypothesis, respectively. Evidence for linkage is assessed by a likelihood-ratio test. This provides a valid test of linkage significance (given certain assumptions linkages. Note that many genome-wide scans of complex traits do not yield such strong results 61 , and that, even if they do, a proportion of 'significant' linkages will still turn out to be chance events, so replication in independent studies remains crucial 60 .
Targeted linkage studies of dyslexia
Several molecular genetic studies of dyslexia have focused on specific chromosomal regions or have screened a limited proportion of the genome with some success. In 1983, Smith et al. carried out the first linkage study of dyslexia, investigating the handful of CHROMOSOMAL HETEROMORPHISMS and protein polymorphisms that were available at the time 32 . A parametric analysis of extended families with three-generation histories of reading disability yielded significant linkage to the chromosome 15 CENTROMERE, originating mainly from one family (TABLE 2; FIG. 3) . Subsequent reports could not support the initial findings 38, 62 . One investigation re-analysed the family that had given strongest evidence in the original study, but used more highly polymorphic DNA-based markers. The new data excluded linkage to the centromere and neighbouring regions of 15q in this and other families 62 . In 1991, Smith and co-workers reported a follow-up to their 1983 study, involving nonparametric analyses of new markers in an expanded sample of kindreds 63 . Although linkage was observed to markers on 15q, these mapped 90-120 CENTIMORGANS from the original site of interest 63, 64 . Grigorenko and colleagues 35 investigated qualitatively defined component phenotypes in extended families for this region. They observed significant linkage with single-word reading at one marker, D15S143 in 15q21, when using Genome-wide scanning. The most thorough way of identifying genetic linkage involves a systematic search of all chromosomes, which requires the analysis of several hundred polymorphic markers in numerous subjects 56 . Using MULTIPOINT methods, it is possible to infer the IBD status of chromosomal intervals between markers, allowing the assessment of linkage at virtually all points across the genome (in contrast to SINGLE-POINT analyses, which evaluate linkage at each marker in isolation) 57 . Genome-wide searches used to be prohibitively labour-intensive and time-consuming, beyond the capabilities of many laboratories. After the development of high-throughput genotyping technologies, they now represent a standard tool for the analysis of both monogenic and complex traits 56 . For dyslexia and other language-related traits, genome-wide scans have been carried out either in single extended pedigrees 41, 42, 58 or in large samples of sib-pairs 50, 59 . These scans involve analyses of multiple independently segregating genomic regions. The concomitant multiple testing results in a substantial increase in the risk of identifying false-positive results (linkage observations that are due to chance, rather than real aetiological effects). It is therefore an accepted procedure to adopt stringent thresholds for declaring the identification of significant linkage. LOD SCORES or P-values are the common currencies for describing strength of linkage results. Traditionally, a lod score of 3 is deemed to be 'significant' in parametric analysis of monogenic pedigrees, but it has been argued that a threshold of 3.6 is more suitable for sib-pair allelesharing methods 60 . This threshold can be shown to correspond to a nominal P-value of 0.00002, constituting a strict cut-off to guard strongly against false-positive CHROMOSOMAL HETEROMORPHISM Natural variation in the shape or staining pattern of a chromosome, as viewed under the microscope. CENTROMERE The constricted region of a chromosome that includes the site of attachment to the mitotic or meiotic spindle. Geneticists divide the chromosome into 'short' and 'long' arms, which are separated by this centromere. CENTIMORGAN A standard measure of genetic distance that is derived from observations of recombination between neighbouring loci. The relationship to actual physical distance along a chromosome varies throughout the genome; on average, 1 centimorgan corresponds to around one million bases of DNA. colleagues 33, 34 analysed sib-ships from these kindreds and a sample of DZ twins, using QTL methods and DNA-based markers, thereby obtaining evidence for the 6p21.3 locus in each data set. Linkage of readingrelated phenotypes to 6p21.3 has since become one of the most replicable findings in the genetics of human cognition (TABLE 3) . Evidence from several independent data sets shows remarkable agreement about the probable position of the risk locus [33] [34] [35] 37, [50] [51] [52] 65 (FIG. 3) .
Samples implicating 6p have been obtained from diverse sources and studied with a variety of methods, including qualitative analyses of extended pedigrees 35, 65 and quantitative approaches in sib-pairs or DZ twins 33, 34, 37, [50] [51] [52] . These findings are intriguing in view of one often-contested theory of dyslexia aetiology, which posits a direct connection between immune dysfunction and reading problems 66 . However, data from the same samples that support genetic linkage of readingrelated phenotypes to 6p21.3 fail to support a connection (mediated genetically or otherwise) between immune disorders and dyslexia 67 . It seems likely that the putative dyslexia risk factor on 6p is not a gene of the immune system, and that its location adjacent to a cluster of immune-related genes has no aetiological significance. Although evidence in support of an involvement of 6p21.3 is more robust than that for 15q21, there have been reports of non-replication in large samples 36, 40, 68 . Still, these negative studies did not formally exclude the involvement of 6p. For example, a QTL-based study of Canadian families did not find significant evidence of linkage, probably owing to genetic heterogeneity. But the authors did note that some of their results were weakly supportive, including a lod score of 0.82 in a region that was consistent with the positive studies 68 . Targeted studies 62, 69, 70 have also led to suggestions of other potential sites of dyslexia linkage on 1p34-36 and 6q12. At present, the data that support these sites are weaker than those for loci on 6p21.3 and 15q21, so further investigation is required 69, 70 .
A genome-wide perspective
As highlighted here, integrating data from multiple molecular investigations of dyslexia can be problematic, even when similar chromosomal regions seem to be implicated. The interpretation of results is complicated by discrepancies in the criteria for sample recruitment, phenotypic definition, marker selection and analytical method. Moreover, most studies have focused on small subsets of the human genome, often analysing the same marker data from these limited regions with several different analytical approaches. There are substantial benefits to be gained from obtaining a genome-wide perspective of linkage in any given sample of families 56 .
In targeted studies, a locus with an important effect on the phenotype could remain undetected, simply because the relevant chromosomal region was never examined. Furthermore, with genome-wide data, it is possible to assess the general behaviour of linkage statistics in the sample under investigation, allowing a comparison of positive results to background levels of single-point parametric methods 35 . However, they noted that other markers mapping close to D15S143 gave highly negative lod scores. (No multipoint parametric results were reported.) Linkage was not observed for other component phenotypes, or with complementary nonparametric analysis of the same data. But, in 1998, an independent investigation of spelling disability in German families supported linkage to 15q21, with parametric and nonparametric methods 40 . Overall, targeted linkage studies indicate the presence of a gene in 15q that influences dyslexia, but inconsistencies in the reported data must be addressed before the evidence can be considered compelling.
An investigation of the Smith et al. 63 kindreds that had implicated 15q also indicated linkage to protein polymorphisms in the vicinity of the human leukocyte antigen (HLA) COMPLEX on chromosome 6p. Cardon and HLA COMPLEX A well-studied region of chromosome 6p that contains many loci, such as the human leukocyte antigen (HLA) genes, which encode key components of the immune system. Also known as the major histocompatibility complex (MHC). studying single multigenerational pedigrees with apparently simple inheritance. Furthermore, these kinds of family are scarce, raising the question of whether the relevant genetic effects will generalize to the wider population of people with dyslexia. To identify loci that are important for the latter, Fisher and colleagues 50 performed genome-wide scans in two large sets of nuclear families affected by dyslexia, from the United Kingdom and the United States, using QTL methodology and simulations to assess significance of the results. Previous targeted investigations of these family collections had provided evidence in support of the 6p21.3 locus 33, 34, 37, 51 , which could now be assessed in the context of the remainder of the genome. The study continued to support the importance of 6p21.3 in dyslexia, but indicated several other regions on various chromosomes that might similarly be involved in 'noise' across all chromosomes. For example, methods that are prone to yield false-positive evidence for linkage could be seen to yield equally high lod scores at numerous chromosomal sites.
Genome-wide scans have been carried out in two large extended pedigrees in which inheritance is consistent with AUTOSOMAL DOMINANT transmission 41, 42 . The first (from Norway) yielded significant linkage to 2p15-16, whereas the second (from Finland) strongly implicated 3p12-q13 (TABLE 4) . Neither study reported linkage to sites that were indicated by previous investigations. In each family, although linkage evidence was convincing, phenotype-genotype correspondence was incomplete, with cases of phenocopy and/or non-penetrance 41, 42 . Again, these molecular studies directly show the genetic complexity of dyslexia. Heterogeneity, reduced penetrance and phenocopies are evident, even when AUTOSOMAL DOMINANT One type of inheritance pattern that is observed for monogenic traits. Autosomes are any chromosomes in a cell that are not sex chromosomes. Autosomal dominant transmission results when an abnormal copy of an autosomal gene from a single parent gives rise to the trait, even though the copy inherited from the other parent is normal. Qualitative affection status or quantitative measures of deficit were used; some studies adopted a global assessment of the phenotype, whereas others dissected the phenotype into hypothetical components. The linkage method was either parametric model-based linkage analysis or nonparametric linkage analysis of allele sharing in affected relatives. DF, DeFries-Fulker regression analysis of selected sib-pairs; HE, Haseman-Elston regression analysis of sib-pairs; VC, variance-components analysis. *The report by Cardon et al. (1994) , involving 50 twin pairs, included four pairs who were later discovered to be monozygotic. Re-analysis of the data excluding these four monozygotic twins led to a reduction in the significance of linkage and the results were published in a 1995 correction. The results given in this table are taken from the corrected report.
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Alternative approaches to detecting dyslexia loci
Linkage studies are complemented by the investigation of people with chromosomal abnormalities, such as TRANSLOCATIONS, DUPLICATIONS, DELETIONS or INVERSIONS, that are associated with the trait of interest. For example, translocations might disrupt a gene at a breakage site or lead to the fusion of two normally unrelated genes; in some cases, this can be traced as the cause of the disorder. Many chromosomal alterations have no phenotypic consequences or alter the expression of genes that map up to one million bases away from a BREAKPOINT (known as a position effect), so caution is needed when interpreting such data. Nopola-Hemmi et al. 73 described two independent families in which people with dyslexia had inherited translocations that involved the same region of 15q21, consistent with that previously implicated by linkage studies. In each family, there were also children who were unaffected despite inheriting a rearrangement, indicating a significantly reduced penetrance. However, the convergence of independent linkage and translocation data provides further support for a 15q locus influencing dyslexia, and detailed analysis of the translocations might aid in the isolation of the putative risk gene. Another study reported co-segregation of a translocation involving 1p22 and 2q31 with retarded speech development and dyslexia in three members of a family 39 . However, the associated breakpoints map a trait susceptibility (TABLE 4) . Notably, both the UK and the US samples implicated regions on 2p15-16 and 3p12-q13, indicating that effects at these loci might indeed be relevant to common forms of dyslexia, rather than being restricted to rare multigenerational pedigrees with simpler transmission 50, 71 . This concordance is especially encouraging, given the disparity between the methods in the Norwegian/Finnish investigations and the UK/US genome scans. Furthermore, an independent study of Canadian families replicated the linkage at the 2p locus with both qualitative and quantitative methods, strengthening the case that this represents a susceptibility locus 72 . The key finding of the genome-wide searches by Fisher et al. 50 was the observation of strong linkage to 18p11.2 in the UK families. This same region was among the most significant results in the US sample, and also linked in a third independent set of families that were investigated. This study illustrates the value of QTL-based genome-wide scans in large samples, detecting at least four potential dyslexia susceptibility loci (on chromosomes 2, 3, 6 and 18) for which there is independent verification in multiple data sets. However, note that, as in all complex-trait analyses, until the relevant gene variants are pinpointed, there still remains a possibility that one or more of these loci might turn out to represent false-positive findings. 
INVERSION
A genetic rearrangement in which part of a chromosome is reversed, so that the genes within that part are in inverse order. BREAKPOINT The specific site of chromosomal breakage that is associated with a particular chromosomal rearrangement. 
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A molecular genetic dissection of dyslexia?
A recent idea that captured the imagination of many researchers was the proposal that different components of this complex phenotype could be linked to distinct genetic loci 35 . The corollary is that molecular investigations might reveal simple one-to-one mapping between certain cognitive processes and specific gene variants, which combine to give the overall dyslexic phenotype (FIG. 4) . The hope that the genetic aetiology of dyslexia could be thus dissected initially arose from analyses of chromosomes 6 and 15 by Grigorenko and colleagues 35 . After observing variable patterns of linkage for different component phenotypes at each locus, they suggested the possibility of separable genetic effects, such that phoneme awareness mapped to chromosome 6, whereas single-word reading mapped to 15. This interpretation has been criticized 30, 36, 37, 77 . First, Grigorenko et al. identified significant linkage to 6p with every phenotype under investigation 37, 77 . Maximum lod scores at this locus varied for each component, with phoneme awareness highest and single-word reading lowest, but the differences in linkage evidence were not significant. Second, variability in the profiles of results at each locus might have resulted from the use of alternative statistical methodologies; linkage to chromosome 6 was observed only with nonparametric techniques, whereas linkage to chromosome 15 was found only by parametric analysis 37 . Third, the validity of viewing single-word reading as a component phenotype, cognitively separate from phoneme awareness, has been questioned 77 
.
Other studies have failed to support the idea that loci on 6 and 15 predominantly influence any single component 37, 40, [50] [51] [52] 65, 73, 76 . For example, QTL-based sib-pair analyses consistently indicate that the 6p locus affects several aspects of dyslexia, including phonological and orthographic processing and rapid naming 37, [50] [51] [52] 76 . Most importantly, the authors of the Grigorenko et al. 35 report carried out a follow-up study in an expanded sample, including new families and further subjects from the original pedigrees 65 . In this later investigation, linkage to 6p became strongest for single-word reading, and much weaker for phoneme awareness (that is, an inverse pattern to the initial findings). As the authors point out, this highlights one of the key methodological challenges that researchers in the field face 65 . Comparing magnitudes of univariate linkage for each component is not a reliable way of evaluating relative EFFECT SIZES of a particular locus on different aspects of the phenotype 37, 50, 65 . Linkage levels might be influenced by factors that are unrelated to the underlying genetic effect, such as age distribution of the sample, sensitivity of psychometric testing, or even simple stochastic variability resulting from inadequate sample size 37, 50, 65 . It has also been shown that the process of maximizing lod scores in a particular data set leads to a bias in estimating effect size, which can be particularly problematic when evaluating data from genome-wide scans 78 . These concerns are further illustrated by the identification of a potential susceptibility locus on chromosome 18 in two separate QTL-based genome-wide scans 50 . In the UK scan sample of Fisher et al. 50 , there substantial distance from regions of chromosomes 1 and 2 that are highlighted by other dyslexia studies; too far to be explained by position effects. Another approach that is beginning to be applied to dyslexia is association analysis 74 . Whereas linkage assesses phenotype-genotype co-segregation within a family, association looks for correlations between specific alleles and a trait at the population level. The latter has greater power to detect genes of minor effect and allows risk variants to be mapped at higher resolution. Positive evidence of association could indicate that the allele itself is a risk variant, but can also be observed for alleles at loci that are in LINKAGE is not yet feasible to carry out studies of this type on a genome-wide scale. This is because association approaches require a much higher density of marker coverage than linkage methods to ensure the reliable detection of a genetic effect. Furthermore, the appropriate selection of markers is influenced by regionspecific patterns of linkage disequilibrium, which vary substantially throughout the genome 74 . LINKAGE DISEQUILIBRIUM Non-random association between specific allelic variants at one genetic locus and those at another genetic locus that maps nearby.
EFFECT SIZE A standardized measure of effect that is adopted when different scales are used to measure an outcome. In QTL analyses, the effect size is the proportion of variability in a measure that is attributable to the genetic locus of interest. . a | The simplest models involve straightforward one-to-one relationships between specific genes and different measures, implying the presence of unique underlying brain processes (shown in red, green and blue). Both genetic and psychometric data indicate that this is unlikely to be valid. b | A more complex model acknowledges that, although the language-and reading-related measures that are used for the phenotypic assessment of dyslexia might tap predominantly one or other hypothetical component, they do not represent pure indicators of isolated brain processes. So, even if genes map to separable neurological mechanisms, simple relationships will not be revealed. c | There are moderate to high correlations between most language-and readingrelated measures, and twin studies indicate that the correlated variance is highly heritable. So, it is possible that multiple genes influence common mechanisms that influence all measures. d | Twin studies also indicate the presence of heritable variability that is independent for each measure. It is therefore most likely that the underlying aetiology of dyslexia involves a complex interplay between specific and mixed effects. In reality, all these models are gross oversimplifications, as they ignore the role of the environment and the possibility of interactions between different genes or different neurological mechanisms. They are intended merely to illustrate some of the key issues for researchers seeking a genetic explanation of dyslexia.
www.nature.com/reviews/neuro R E V I E W S the most promise lies with fully multivariate linkage methods that can simultaneously incorporate data from all measures. However, for a comprehensive dissection of the genetic aetiology of dyslexia, we will first need to find the risk genes themselves, and to examine their effects in very large samples.
Can we identify susceptibility genes for dyslexia?
Although the concordance of linkage results is encouraging, finding the particular genetic variants that influence dyslexia remains a daunting task. Linkage typically implicates chromosomal regions that contain hundreds of candidate genes, so success will probably depend on complementary data from chromosomal abnormalities and/or association-based analyses, as well as the use of much larger sample sizes -thousands, rather than hundreds, of nuclear families. The availability of comprehensive data from human genomic sequencing projects will have a great impact on these efforts 31 . So far, no specific dyslexia risk gene has been identified, but studies of speech and language deficits have been more fruitful, yielding a gene responsible for a rare and severe form of the disorder 58, 80, 81 
. This serves as a pertinent example of how investigations of these types of trait might ultimately succeed and yield new insight into underlying processes. The main caveat is that genetic effects that are implicated in rare cases might not necessarily explain variability in the wider population 82 . Identification of specific gene variants that contribute to dyslexia will have many ramifications 30 . These include the possibility of early identification of those at elevated risk, allowing environmental intervention at a young age and the diagnosis of phenotypically ambiguous cases. Note that genotype-phenotype correspondence will usually be far from perfect, so any predictions will be probabilistic (concordance rates of reading difficulties in MZ twins are only ~2/3). A main goal after identifying crucial genes will be to increase our understanding of the molecular pathology of dyslexia, with the hope that this will also shed light on the mechanisms that are involved in normal readingand language-related processes. Even if a gene is only implicated in a rare form of the trait, it will still provide a valuable entry point into the relevant developmental pathways 31 . The nature of functional studies will depend largely on the types of protein that the genes encode, be they involved in metabolism, structure, signalling, transcriptional regulation or some other cellular process 83 . For example, if a susceptibility gene is found to encode a cell-surface receptor, then a variety of techniques can be used to isolate the proteins with which it interacts and to dissect the relevant signalling pathways. Alternatively, for a susceptibility gene that encodes a TRANSCRIPTION FACTOR, it is possible to exploit new methods to identify the downstream targets in neuronal development. Isolation of key genetic pathways that are implicated in reading-and languagerelated disorders might help to bridge the gaps between other levels of study, such as brain imaging and neuropsychology, bringing us closer to a comprehensive explanation of the aetiology of dyslexia.
was strong linkage of 18p11.2 to single-word reading, but substantially weaker evidence for other measures. Taken at face value and disregarding the issues discussed above, it might be reasonable to conclude that this locus is 'specific' to single-word reading. However, analysis of the US sample indicated more wide-ranging effects of 18p11.2 on multiple measures. A further independent sample of UK families was specifically investigated at 18p11.2, and linkage was replicated, but in this case, the most significant evidence arose from a measure of phoneme awareness 50 . Combined analyses of all UK families supported the view that the 18p locus is a general risk factor for dyslexia. Observed differences in linkage profiles probably arose from stochastic variability owing to small sample sizes, along with the effect-size biases associated with genome scanning 50, 78 . It is clear from heritability and linkage studies that simple relationships between hypothetical components of the reading process and molecular genetic data are unlikely to exist (FIG. 4) . However, there is still considerable interest in the possibility of the 'genetic dissection' of dyslexia. As discussed above, attempts to address this through univariate analyses have been ineffectual, and approaches are needed that can accurately estimate relative effect sizes of a particular locus for different reading-and language-related measures. Bivariate linkage analyses are already being carried out 52, 79 , but perhaps TRANSCRIPTION FACTOR A DNA-binding protein that regulates gene expression.
Box 3 | A gene mutated in a speech and language disorder
Although the boundaries between speech/language disorders and dyslexia are not always clear, the former involve gross language problems, detected by standard tests of grammar, syntax and/or vocabulary 31 . People with dyslexia often perform in the normal range on these tests, but show deficits in language-related processes such as the manipulation of phonemes. In 1998, Fisher et al 58 reported linkage studies of a unique three-generation family, known as KE, in which severe speech and language impairment was inherited as an autosomal dominant monogenic trait. Using traditional approaches, the locus was mapped to a small interval of 7q31, which co-segregated perfectly with the disorder; that is, there was 100% concordance between genotype and affection status, with no phenocopies and full penetrance.
The researchers constructed a sequence-based map of genes in 7q31, and used it to direct mutation analyses 80 . The search was aided by the identification of CS, an unrelated child with similar problems to those of family KE, which were associated with a translocation involving 7q31. Localization of the translocation breakpoint indicated that it disrupted the gene encoding FOXP2, a transcription factor containing a forkhead/winged-helix DNA-binding domain 81 . FOXP2 belongs to a family of proteins that are key regulators of gene expression during embryogenesis, and have been implicated in various developmental disorders in humans and mice [89] [90] [91] [92] [93] . Sequencing of FOXP2 in the KE family revealed a point mutation in all affected individuals, altering an amino-acid residue in a crucial part of the DNA-binding domain of the protein
81
.
The phenotype associated with FOXP2 disruption is severe, involving difficulty in controlling the fine mouth movements that are required for speech 94 , coupled with deficits in many aspects of language processing and grammatical skill 95 . Some individuals in the KE family have reduced non-verbal intelligence 95 , but these general cognitive deficits do not tend to co-segregate with the disorder. Variants in the coding region of FOXP2 do not seem to be a main cause of more common forms of speech and language impairment 82 . However, functional studies of FOXP2 might offer new insight into neurological mechanisms that are important for an individual to acquire speech and language 96, 97 .
